A methodology for structural analysis of compensation of thermal expansions used for channel or aboveground sections of heat network pipelines with radial expansion bends has been proposed.
Introduction
For heat supply network the most significant loading factor is thermal expansion of pipes.
Incorrect calculation of compensation of thermal expansion may cause heating main leaks and breakdown of equipment connected to heat supply networks. A correct solution of the issue concerning compensation for thermal expansion of heat supply networks guarantees its reliability and durability.
An estimate of reliability of urban heating networks from the point of view of calculating heating mains for compensation of thermal expansions is presented in [1] . The issues concerning reliability of engineering systems are considered in [2] .
Thermal expansion of pipelines of heating networks appears to be the main loading factor, regardless of the way of laying. However, the calculation of stresses based on thermal expansion for trench and trenchless heating mains varies considerably. The calculation techniques used for trench or aboveground sections of heat network pipelines are unacceptable for calculation used in terms of trenchless heating mains. Some theoretical aspects of calculating the thermal deformations of underground trenchless heating mains have been discussed in [3] .
Modern technologies used for calculating main pipelines have been described in [4] . In order to make calculations heat network pipelines are typically simulated as rod structures. In the case of thermal expansion of heat supply networks the loss of pipe stability seems to be permissible.
The loss of stability is another important task that should be taken into consideration in case of calculating thermal expansion of heat network pipelines. The solution of this problem has been considered in [5] [6] [7] [8] .
Problem conditions under consideration can be expressed as the following system of equations, called the system of canonical equations of the force method Generally speaking, for a common flat section of a heat pipe, primary system is determined by eliminating constraints for one of the fixed and all sliding supports. The eliminated redundant constraints are replaced by unknown forces and moments. Subsequently it is required to find generalized forces. In the meantime, it should be assumed that displacements caused by the generalized forces in primary system do not violate restrictions imposed by redundant constraints on given system. 
where � �� , � �� , … , � �� , … , � �� , � �� , … , � �� -are the unit displacements of primary system; X � , X � , X � , … , X � -are the primary unknowns; ∆ � , ∆ � , … , ∆ � -are the free terms of the canonical equations. These terms represent generalized displacements in primary system, which correspond to the generalized force X � .
External loading, temperature differences, displacement of the supports, pre-tensioning of pipelines are responsible for these displacements.
The free terms are determined on the basis of the following dependences Δ � � ∆ �� � ∆ �� � ∆ �� � ∆ �� ; Δ � � ∆ �� � ∆ �� � ∆ �� � ∆ �� ; Δ � � Δα � � Δα � , (2) where Δ � , Δ � , Δ � -are the displacements of application points of the corresponding unknown forces X1, X2, X3 in the direction of these forces (Fig. 1a) ; ∆ �� , ∆ �� -are the thermal expansions of pipes; ∆ �� , ∆ �� -reduced to the origin coordinates components of the displacement in the direction of the forces X1, X2 from pre-compression (for pre-tension, displacements are negative); Δ �� , Δ �� , Δα � -are the linear and angular displacements, which are caused by displacement of supports;
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Fig. 1. Design piping diagrams
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The negative sign in equations (3) is responsible for process of the thermal expansion of the pipeline. With decreasing temperature, equations (3) are positive, since the reverse process occurs.
The point of reference of the change in temperature is the temperature at which the installation of the heat pipe is completed. Generally speaking, for a common flat section of a heat pipe, primary system is determined by eliminating constraints for one of the fixed and all sliding supports. The eliminated redundant constraints are replaced by unknown forces and moments. Subsequently it is required to find generalized forces. In the meantime, it should be assumed that displacements caused by the generalized forces in primary system do not violate restrictions imposed by redundant constraints on given system.
Problem conditions under consideration can be expressed as the following system of equations, called the system of canonical equations of the force method
where Δ � , Δ � , Δ � -are the displacements of application points of the corresponding unknown forces X1, X2, X3 in the direction of these forces (Fig. 1a) ;
∆ �� , ∆ �� -are the thermal expansions of pipes;
∆ �� , ∆ �� -reduced to the origin coordinates components of the displacement in the direction of the forces X1, X2 from pre-compression (for pre-tension, displacements are negative);
Δ �� , Δ �� , Δα � -are the linear and angular displacements, which are caused by displacement of supports;
The linear and angular displacements caused by displacement of supports are determined by the following equations
The point of reference of the change in temperature is the temperature at which the installation of the heat pipe is completed.
where Δ �� , Δ �� , Δα � -are the linear and angular displacements caused by displacement of the supports;
Δ �� A , Δ �� A , Δα � A -are the positive displacements of the eliminated support A (Fig. 1a) in the direction of the unknowns X1, X2, X3, respectively; Δ �� B , Δ �� B , Δα � B -are the positive displacements of the support B in the same directions;
x B , y B -are the coordinates of the support B.
The displacements that correspond to the unknown Xi in primary system from external loading are calculated by the Mohr's Integral.
For a flat heat pipe consisting of n elements, we can write the following equations
where M � � , M � � , M � � -are the bending moments in an arbitrary section of primary system, caused by action of the unit forces X � � , X � � , X � � respectively; M � -is the bending moment in the same section, caused by external loading;
k -is the pipe flexibility factor;
EI -is the pipe stiffness factor.
The number of canonical equations corresponds to the degree of system static indeterminacy. The coefficients of the equations δ �� contain data about the displacements of application points of the unknown forces in the direction of their action caused by unit forces or (4) where Δ 10 , Δ 20 , Δα 0 -are the linear and angular displacements caused by displacement of the supports;
pipeline. With decreasing temperature, equations (3) are positive, since the reverse process occurs.
where Δ �� , Δ �� , Δα � -are the linear and angular displacements caused by displacement of the supports; Δ �� A , Δ �� A , Δα � A -are the positive displacements of the eliminated support A (Fig. 1a) in the direction of the unknowns X1, X2, X3, respectively; Δ �� B , Δ �� B , Δα � B -are the positive displacements of the support B in the same directions;
The number of canonical equations corresponds to the degree of system static indeterminacy. The coefficients of the equations δ �� contain data about the displacements of application points of the unknown forces in the direction of their action caused by unit forces or -are the positive displacements of the eliminated support A (Fig. 1a) in the direction of the unknowns X1, X2, X3, respectively;
The point of reference of the change in temperature is the temperature at which the the heat pipe is completed.
The linear and angular displacements caused by displacement of supports are the following equations The displacements that correspond to the unknown Xi in primary system loading are calculated by the Mohr's Integral.
For a flat heat pipe consisting of n elements, we can write the following equati
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For a flat heat pipe consisting of n elements, we can write the following equations the heat pipe is completed.
The linear and angular displacements caused by displacement of supports are determined by the following equations x B , y B -are the coordinates of the support B.
The number of canonical equations corresponds to the degree of system static indeterminacy. The coefficients of the equations δ �� contain data about the displacements of application points of the unknown forces in the direction of their action caused by unit forces or
where the heat pipe is completed.
The number of canonical equations corresponds to the degree of system static indeterminacy. The coefficients of the equations δ �� contain data about the displacements of application points of the unknown forces in the direction of their action caused by unit forces or -are the bending moments in an arbitrary section of primary system, caused by action of the unit forces the heat pipe is completed.
The linear and angular displacements caused by displacement of supports are determined by the following equations The displacements that correspond to the unknown Xi in primary system from external loading are calculated by the Mohr's Integral.
The number of canonical equations corresponds to the degree of system static indeterminacy. The coefficients of the equations δ �� contain data about the displacements of application points of the unknown forces in the direction of their action caused by unit forces or respectively; M p -is the bending moment in the same section, caused by external loading; k -is the pipe f lexibility factor; EI -is the pipe stiffness factor.
The number of canonical equations corresponds to the degree of system static indeterminacy.
The coefficients of the equations δ ik contain data about the displacements of application points of the unknown forces in the direction of their action caused by unit forces or moments. The first of the displacement indices δ ik represents the unknown force number X i which given generalized displacement corresponds to; the second index is the number of unit force that would cause this displacement. The displacement δ ik corresponds to the force X i , when X i δ ik is the work of the force X i on the displacement δ ik . The coefficient Δ i is the displacement of the application point of the force X i in the direction of its action, which is caused by external loading, temperature differences, displacement of the supports and pre-tension of the heat pipe.
If we do not take into account effect of longitudinal and transverse forces on the displacement, only taking into account bending and torsion, Mohr's formula for the three-dimensional section of the pipeline, consisting of n-elements, will have the following form ents. The first of the displacement indices δ �� represents the unknown force number X � which generalized displacement corresponds to; the second index is the number of unit force that d cause this displacement. The displacement δ �� corresponds to the force X � , when X � δ �� is the of the force X � on the displacement δ �� . The coefficient ∆ � is the displacement of the cation point of the force X � in the direction of its action, which is caused by external loading, erature differences, displacement of the supports and pre-tension of the heat pipe.
If we do not take into account effect of longitudinal and transverse forces on the acement, only taking into account bending and torsion, Mohr's formula for the threensional section of the pipeline, consisting of n-elements, will have the following form
where M � -is the bending moment in an arbitrary section of primary system from the action e unit generalized force X � � �; M � -is the bending moment in the same section from M � ; H � -is the torque in an arbitrary section of primary system from the force X � � �; H � -is the torque in the same section from the force X � � �;
E -is the modulus of elasticity of pipe material;
G -is the shear modulus of pipe material;
I -is the moment of inertia of pipe cross-section; I � -is the polar moment of inertia of pipe cross-section;
L -is the length of the pipeline element;
k -is the pipe flexibility factor.
For a flat heat pipe, in the absence of torsion, formula (6) can be transformed to the wing form (6) where M i -is the bending moment in an arbitrary section of primary system from the action of the unit generalized force X i = 1; M k -is the bending moment in the same section from M i ; H i -is the torque in an arbitrary section of primary system from the force X i = 1; H k -is the torque in the same section from the force X k = 1; E -is the modulus of elasticity of pipe material; G -is the shear modulus of pipe material; I -is the moment of inertia of pipe cross-section; I p -is the polar moment of inertia of pipe cross-section; L -is the length of the pipeline element; k -is the pipe flexibility factor.
For a flat heat pipe, in the absence of torsion, formula (6) can be transformed to the following form t of the displacement indices δ �� represents the unknown force number X � which displacement corresponds to; the second index is the number of unit force that isplacement. The displacement δ �� corresponds to the force X � , when X � δ �� is the X � on the displacement δ �� . The coefficient ∆ � is the displacement of the f the force X � in the direction of its action, which is caused by external loading, nces, displacement of the supports and pre-tension of the heat pipe.
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-609 - For a flat heat pipe, in the absence of torsion, formula (6) can be transformed to the following form
For a common flat heat pipe section, the coefficients of the canonical equations are determined by the sum of the Mohr's integrals over the length of each element. The equations under consideration can be expressed as follows
If the heat pipe section includes pipes of different cross-sections, the stiffness value EI will differ for each of the section elements. Taking this into account, it is necessary to introduce notion k -is the pipe flexibility factor.
For a flat heat pipe, in the absence of torsion, formula (6) can be transformed to the following form
If the heat pipe section includes pipes of different cross-sections, the stiffness value EI will differ for each of the section elements. Taking this into account, it is necessary to introduce notion
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( 9) where k -is the flexibility factor; EI 0 -is the element with the greatest stiffness value; EI -is the stiffness value of given element.
Considering this, the determined integrals in formulas (8) take the meaning of the geometric characteristics of the reduced length of the center line for heat pipe elements. The free terms of the canonical equations system will express as follows e reduced flexibility factor. This flexibility factor is denoted by the symbol η and expressed as
where k -is the flexibility factor; EI � -is the element with the greatest stiffness value;
EI -is the stiffness value of given element.
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The reduced moments of inertia relative to the axes X, Y are calculated by formulas
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The reduced static moments relative to the X, Y axes
The reduced length of the centerline of the element
In expressions (11) - (14) i displays the element number, L -the length, m; η -reduced the bility factor.
In order to calculate by formulas (11) - (14), the centerline of the heat pipe should be ed into elements with constant bending stiffness and curvature. Further on we need to define initial and final coordinates of each element, its reduced flexibility factor and the reduced th.
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In expressions (11) - (14) i displays the element number, L -the length, m; η -reduced the flexibility factor.
In order to calculate by formulas (11) - (14), the centerline of the heat pipe should be divided into elements with constant bending stiffness and curvature. Further on we need to define the initial and final coordinates of each element, its reduced flexibility factor and the reduced length.
In Fig. 1b , the central axes of the element (α, β) are drawn parallel to the given axes X, Y. Therefore the moments of inertia for any element relative to the axes X, Y can be calculated by formulas of the reduced flexibility factor. This flexibility factor is denoted by the symbol η and expressed as
Considering this, the determined integrals in formulas (8) take the meaning of the geometric characteristics of the reduced length of the center line for heat pipe elements. The free terms of the canonical equations system will express as follows
Therefore the moments of inertia for any element relative to the axes X, Y can be calculated by formulas
x � -is the coordinate of the straight element center of gravity relative to the X axis, m;
y -is the coordinate of the straight element center of gravity relative to the Y axis, m;
The reduced product of inertia of the i-th element is determined by the formula oments of inertia for any element relative to the axes X, Y can be calculated by
ced product of inertia of the i-th element is determined by the formula
�� -is the reduced length of the element, m; coordinate of the straight element center of gravity relative to the X axis, m;
coordinate of the straight element center of gravity relative to the Y axis, m;
where L i pr -is the reduced length of the element, m;
The reduced product of inertia of the i-th element is determined
x � -is the coordinate of the straight element center of gravity re y � -is the coordinate of the straight element center of gravity re -is the coordinate of the straight element center of gravity relative to the X axis, m;
The reduced product of inertia of the i-th element is determined by the formu
x � -is the coordinate of the straight element center of gravity relative to the X y � -is the coordinate of the straight element center of gravity relative to the Y -is the coordinate of the straight element center of gravity relative to the Y axis, m; J α,i pr , J β,i pr -are the reduced moments of inertia of the i-th element relative to the eigen central axes α, β; J αβ,i pr -is the reduced product of inertia of the i-th element relative to the eigen central axes α, β.
The coordinates of the center of gravity relative to the X, Y axes (Fig. 1b) are determined by the following expressions α�� �� , J β�� �� -are the reduced moments of inertia of the i-th element relative to the eigen xes α, β;
αβ�� �� -is the reduced product of inertia of the i-th element relative to the eigen central axes he coordinates of the center of gravity relative to the X, Y axes (Fig. 1b) are determined by wing expressions
he ratio for the reduced length of the heat pipe is as follows
he reduced moments of inertia relative to the eigen central axes is determined by the g dependences
he reduced product of inertia relative to the eigen central axes is determined by the g formula
hus, given geometric characteristics for the straight elements of the heat pipe are ed as follows he reduced moments of inertia of the i-th element
he reduced product of inertia of the i-th element
he reduced static moments of the i-th straight element can be determined by the following 
The ratio for the reduced length of the heat pipe is as follows J α�� �� , J β�� �� -are the reduced moments of inertia of the i-th element relative to the eigen axes α, β;
J αβ�� �� -is the reduced product of inertia of the i-th element relative to the eigen central axes
The coordinates of the center of gravity relative to the X, Y axes (Fig. 1b) are determined by lowing expressions
The ratio for the reduced length of the heat pipe is as follows
The reduced moments of inertia relative to the eigen central axes is determined by the ing dependences
The reduced product of inertia relative to the eigen central axes is determined by the ing formula
Thus, given geometric characteristics for the straight elements of the heat pipe are ined as follows the reduced moments of inertia of the i-th element
the reduced product of inertia of the i-th element
The reduced static moments of the i-th straight element can be determined by the following as 
The reduced moments of inertia relative to the eigen central axes is determined by the following dependences J α�� �� , J β�� �� -are the reduced moments of inertia of the i-th element relative to the eigen central axes α, β;
J αβ�� �� -is the reduced product of inertia of the i-th element relative to the eigen central axes α, β.
The coordinates of the center of gravity relative to the X, Y axes (Fig. 1b) are determined by the following expressions
The reduced moments of inertia relative to the eigen central axes is determined by the following dependences
The reduced product of inertia relative to the eigen central axes is determined by the following formula
Thus, given geometric characteristics for the straight elements of the heat pipe are determined as follows the reduced moments of inertia of the i-th element
The reduced static moments of the i-th straight element can be determined by the following formulas 
The reduced product of inertia relative to the eigen central axes is determined by the following formula J α�� �� , J β�� �� -are the reduced moments of inertia of the i-th element relative to the eigen axes α, β;
The coordinates of the center of gravity relative to the X, Y axes (Fig. 1b) are determined by owing expressions
The reduced moments of inertia relative to the eigen central axes is determined by the ng dependences
The reduced product of inertia relative to the eigen central axes is determined by the ng formula
Thus, given geometric characteristics for the straight elements of the heat pipe are 
Thus, given geometric characteristics for the straight elements of the heat pipe are determined as follows the reduced moments of inertia of the i-th element �� �� , J β�� �� -are the reduced moments of inertia of the i-th element relative to the eigen xes α, β;
β�� �� -is the reduced product of inertia of the i-th element relative to the eigen central axes he coordinates of the center of gravity relative to the X, Y axes (Fig. 1b) are determined by wing expressions
hus, given geometric characteristics for the straight elements of the heat pipe are 
he reduced static moments of the i-th straight element can be determined by the following The coordinates of the center of gravity relative to the X, Y axes (Fig. 1b) are determined by the following expressions
The reduced static moments of the i-th straight element can be determined by the following formulas The coordinates of the center of gravity relative to the X, Y axes (Fig. 1b) are determined by the following expressions
The reduced static moments of the i-th straight element can be determined by the following formulas J α�� �� , J β�� �� -are the reduced moments of inertia of the i-th element relative to the eigen central axes α, β;
The reduced static moments of the i-th straight element can be determined by the following formulas R � �� -is the reduced radius of curvature
The reduced length is calculated by formula
The reduced static moments are calculated by formulas
The values of the coefficients C � are determined by the following expressions
C � � �,��φ � sinφ cos�2α � φ��; C � � �,��φ � sinφ cos�2α � φ��;
In expressions (28), the angles α and φ are considered in radians.
All the coefficients of the canonical equations were multiplied by EI � � cons�. It follows at EI � δ �� � δ �� � . Thus, the formula of the canonical equations coefficients by given geometrical haracteristics of a simple flat heat pipe composed of n elements will be as follows
The system of canonical equations for the calculated section of the heat pipe be transposed the following form
Applying Cramer's formulas, solution of system (30) can be represented as follows
where D -is the determinant of the coefficient matrix of the system (30);
The reduced moment of inertia and product of inertia of the i-th curvilinear element located arbitrarily are determined by the following equations R � �� -is the reduced radius of curvature
All the coefficients of the canonical equations were multiplied by EI � � cons�. It follows that EI � δ �� � δ �� � . Thus, the formula of the canonical equations coefficients by given geometrical characteristics of a simple flat heat pipe composed of n elements will be as follows
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where a 1 , a 2 , a 3 , a 4 , a 5 , a 6 -are the constants.
The determinant D is calculated by formula
The constants a 1 , a 2 , a 3 , a 4 , a 5 , a 6 are determined by the following formulas
It is necessary to consider analysis of the pipe flexibility factor in more detail. In the beginning of the 20th century the classical solution for bending curved pipes (bends) was published by T. Karman. In this solution, an energy approach with the subsequent solution of the problem by the Ritz method was used. The solution was a trigonometric series. With the neglecting of all members of the series, except for the first, a formula for the flexibility factor (Karman's formula)
for curved pipes in bending was derived. This formula has the following form
where k -is the flexibility factor of the curved pipe (bend);
λ -is the geometric characteristic of the curved pipe, defined as follows
where R -is the radius of curvature of the curved pipe, mm; D � -is the outer diameter of the curved pipe, mm; δ -is the wall thickness of the curved pipe, mm.
If we neglect all the members of the series except the first two, we obtain the Karman formula in the second approximation for calculating the flexibility factor, having the form
The formula in the third approximation is defined similarly
When deriving the formula for the flexibility factor, T. Karman made the following assumptions: 1) the radius of curvature of the central line of a curved pipe is much larger than the radius of a pipe itself; 2) the wall thickness of a curved pipe is small in comparison with the radius of a pipe; 3) the displacement of the neutral axis was not taken into account; 4) the Poisson's ratio
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R -is the radius of curvature of the curved pipe, mm; s the outer diameter of the curved pipe, mm;
he wall thickness of the curved pipe, mm.
neglect all the members of the series except the first two, we obtain the Karman second approximation for calculating the flexibility factor, having the form
rmula in the third approximation is defined similarly
deriving the formula for the flexibility factor, T. Karman made the following 1) the radius of curvature of the central line of a curved pipe is much larger than the e itself; 2) the wall thickness of a curved pipe is small in comparison with the radius he displacement of the neutral axis was not taken into account; 4) the Poisson's ratio
When deriving the formula for the flexibility factor, T. Karman made the following assumptions:
1) the radius of curvature of the central line of a curved pipe is much larger than the radius of a pipe itself; 2) the wall thickness of a curved pipe is small in comparison with the radius of a pipe; 3) the displacement of the neutral axis was not taken into account; 4) the Poisson's ratio was not taken into account; 5) the ways of fixing curved pipes with straight pipes were not taken into account; 6) the bending moment does not change along the entire length of a curved pipe; 7) the influence of internal excess pressure was not taken into account.
The bending of curved pipes was investigated by R. Clark and I. Reissner. A solution of this problem was obtained, by analyzing the differential equations, when considering the bending of curved pipes from the point of view of the theory of thin-walled shells. By the method of asymptotic integration, the following formula for the flexibility factor bending moment does not change along the entire length of a curved pipe; 7)
ernal excess pressure was not taken into account.
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Results and Discussion
's formula and formula of Clark and Reissner were investigated. The graph of the change in the flexibility factor on the geometric characteristic of a curved an approximations and the Clarke and Reissner formulas are constructed. ,
where λ -is the geometric characteristic of the curved pipe; μ -is the Poisson's ratio.
If we assume a Poisson ratio to be equal to 0.3, then the Clarke and Reissner formula can be represented as follows ss pressure was not taken into account. 
The R. Clark and I. Reissner formula gives a more precise value of the flexibility factor of curved pipes than the T. Karman's formulas for λ < 0.3.
At the present day, a great number of different works has been devoted to solving the problems of calculating pipe bends. For example, in [23] [24] analytical solutions for the bending of pipes are considered. In [25] the solution for the bending of pipes using the finite element method is presented.
The Karman's formula and formula of Clark and Reissner were investigated. The graph of the dependences of the change in the flexibility factor on the geometric characteristic of a curved pipe for three Karman approximations and the Clarke and Reissner formulas are constructed.
Analysis of the graphs in Fig. 2 gives the following results. Firstly, the larger is the wall thickness of a curved pipe, the flexibility factor is the closer to 1. Secondly, the Karman's approximations are incorrectly used in determining the flexibility factor of curvilinear elements of heat pipes, since they are thin-walled structures for which their geometric characteristics will have small values. If we take the geometric characteristic of a curved pipe to be zero, then the flexibility factor for all the Karman's approximations will have nonzero values. This is not true, since with the value of the geometric characteristic of a curved pipe are equal to zero, the flexibility factor of this pipe is similarly equal to zero. It follows that the Karman's approximations are correctly used to determine the flexibility factor of thick-walled pipes under high internal excess pressure. If a heat supply network is considered, then the Clark and Reissner formula for determining the flexibility factor should be used.
With bending curved pipelines under the influence of forces that flatten their cross section significant local stresses arise. If the longitudinal stresses found in the conventional bending theory are denoted by σ, then the maximum longitudinal stresses can be calculated as follows ependence of the flexibility factor on the geometry of the pipe aphs in Fig. 2 gives the following results. Firstly, the larger is the wall ipe, the flexibility factor is the closer to 1. Secondly, the Karman's ectly used in determining the flexibility factor of curvilinear elements of thin-walled structures for which their geometric characteristics will have e geometric characteristic of a curved pipe to be zero, then the flexibility approximations will have nonzero values. This is not true, since with the racteristic of a curved pipe are equal to zero, the flexibility factor of this zero. It follows that the Karman's approximations are correctly used to actor of thick-walled pipes under high internal excess pressure. If a heat red, then the Clark and Reissner formula for determining the flexibility ed pipelines under the influence of forces that flatten their cross section rise. If the longitudinal stresses found in the conventional bending theory maximum longitudinal stresses can be calculated as follows
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where λ -is the geometric characteristic of the flexibility of the curved pipe.
It should be remembered that the local stress concentration factor is present in any places of sharp changes in the geometry of a pipeline. To these places, besides bends, you can include tees and transitions from one diameter to another. For each case, there is a definite formula for calculating this factor.
The authors of this article have developed and registered the computer program "Calculation of the expansion bends of a heat supply network" [26] . Calculation in the program is based on the methods of structural mechanics. The program makes it possible to calculate thermal stresses for sections of a heat supply network by means of different schemes of expansion bends that are not clamped by the soil. The program provides calculation of both expansion bends and original angles of bending of a heat supply network. Based on input information entered in the input fields, calculation is performed and information on the stresses in the main sections of the configuration of the heat pipe section is displayed in the result fields. This allows you to select the optimal size of expansion bends. Analysis of the graphs in Fig. 2 gives the following results. Firstly, the larger is the wall thickness of a curved pipe, the flexibility factor is the closer to 1. Secondly, the Karman's approximations are incorrectly used in determining the flexibility factor of curvilinear elements of heat pipes, since they are thin-walled structures for which their geometric characteristics will have small values. If we take the geometric characteristic of a curved pipe to be zero, then the flexibility factor for all the Karman's approximations will have nonzero values. This is not true, since with the value of the geometric characteristic of a curved pipe are equal to zero, the flexibility factor of this pipe is similarly equal to zero. It follows that the Karman's approximations are correctly used to determine the flexibility factor of thick-walled pipes under high internal excess pressure. If a heat supply network is considered, then the Clark and Reissner formula for determining the flexibility factor should be used.
With bending curved pipelines under the influence of forces that flatten their cross section significant local stresses arise. If the longitudinal stresses found in the conventional bending theory are denoted by σ, then the maximum longitudinal stresses can be calculated as follows
where i 0 -is the longitudinal stress concentration factor in the curved pipe
where λ -is the geometric characteristic of the flexibility of the curved pipe. Fig. 2 . Dependence of the flexibility factor on the geometry of the pipe Fig. 3 . Interface of the program Calculation of expansion bends of bending of a heat supply network. Based on input information entered in the input fields, calculation is performed and information on the stresses in the main sections of the configuration of the heat pipe section is displayed in the result fields. This allows you to select the optimal size of expansion bends. Let us consider the temperature dependences of a heat pipe section with an expansion bend.
The results will be presented graphically. Fig. 4 . Temperature dependences of a heat pipe section with the U-shaped expansion bend Fig. 4 . Temperature dependences of a heat pipe section with the U-shaped expansion bend the author's program and 24.5 MPa for the "Start"; the maximum stress in the loop back was 47.9 MPa for the author's program and 48.2 MPa for the "Start". Due to this experiment, we can conclude that the calculation in the computer program "Calculation of the expansion bends of a heat supply network" is correct.
Let us consider the temperature dependences of a heat pipe section with an expansion bend. The results will be presented graphically. Fig. 4 shows the temperature curves for an example of a heat-pipe section. The numbers opposite the line color show the temperature values. As we can see from the graph, the largest and smallest stresses from thermal expansions, at any considered temperature, are in sections 6, 9 (largest) and 4, 11 (smallest) . The sections with the highest stresses are in the loop back, the sections with the smallest stresses in the loop shoulders.
Conclusions
Due to the force method, a methodology for calculating the stresses based on thermal expansions for sections of heat network trenchless pipelines with radial expansion bends has been developed. In the methodology the increased flexibility of the bends has been taken into account.
The optimal formula for calculating the flexibility factor of heat pipe bends has been determined.
Due to developed methodology, a computer program for calculating radial expansion bends of heat networks has been developed. The efficiency of this program has been confirmed by means of comparing the results of a numerical experiment with the model of the U-shaped expansion bend with the software system "Start" developed by the scientific-and-technological enterprise "Pipeline".
The experiment used the design model of the U-shaped expansion bend made it possible to draw the following conclusions: 1) the nature of temperature stresses distribution along the expansion bend sections for any temperature of the coolant coincides; 2) the angles of the expansion bend back are the most crucial elements where the greatest stresses are observed; 3) in case of calculating the radial expansion bends, it is necessary to take into account the increased flexibility of the bends and the concentration of local stresses in them, since their ignoring will cause large inaccuracies in the results.
